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ABSTRACT

:Itathematical models used in design of the XH2040Aowitzer

(AD and ED Prototypes) are describedin this report.-' The physical
basis for the mathematical representation is presented along with

the derivation of the required equations. While these models have
been generalized to allow their use in other weapon design situations,
some modification will be necessary to include features not
specifically considered. Systems of equations which will provide

for the definition of required control functions as well as
the prediction of recoil mechanism functioning and weapon motions
are summarized.
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INTRODUCTION

The recoil mechanism of an artillery weapon provides a
controlled resistance to some allowable motion of the recoiling
parts. Consequently, the major portion of the weapon structure
is protected from the total breech force and the ground reactions
are limited. In a conventional recoil cycle, motion is initiated
by application of the breech force. The resisting force may be
provided by deflection of a spring, by fluid flow through

an orifice or by both of these. In the soft-recoil cycle, the
recoiling parts are first accelerated in the directio of projectile
travel. Application of the breech force (i.e., by ignition of
the propellant primer) is delayed until a predetermined velocity
has been attained. The breech force then reverses the motion of
the recoiling mass and the recoiling parts are returned to their
initial (battery or latch) position. A comparison of conventional
and soft-recoil cycles is shown in Figure 1.

TIME .ATT.RY CONVENTIONAL RECOIL
saC POSITION

0.0 , PULL LANYARD TO FIRE
RECOIL

. MAXIMUM RECOIL
I .COUNTER RECOIL

,.1- END OF CYCLE

B .,,"r.SOFT RECOIL
POS:TION

0.0 PULL LANYARD TO UNLATCH

RUN-UP
0.3 4 2 ' FIRE

RECOIL
0.5 MAXIMUM OVERTRAVEL-RESET LATCH

- COUNTER RECOIL

1.4 END OF CYCLE

FIGURE 1

Comparison of Recoil Cycles
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Developoent of a reliable soft-recoil mechanism for modern
artillery began in 1957 with the modification of an MI01 Howitzer,
105mm. While evaluation tests of this mouified weapon demonstrated
the feasibility and value of a soft-recoil system, mechanism
reliability was unacceptable. (Reference 1). In March 1964,
design and fabrication of an experimental firing fixture having an
improved recoil mechanism was initiated. Extensive firing tests of
this fixture were conducted to confirm feasibility of this weapon
concept, to determine accuracy and durability characteristics, and
to idantify and examine functional problems. (References 2 & 3).

In 1968, funding was provided for design and manufacture of a
preprototype howitzer incorporating a soft-recoil mechanism.
This weapon was designated as the Howitzer, Light, Towed: 105mm,
Soft Recoil, )C4204. The major components were the XM205 Cannon,
the )U46 Recoil Mechanism, and the XU44 Carriage. Design parameters
for the first prototype were based on firing of the XM606 (28.5 pounds)
projectile with the M85 charge (Zones 3 through 8) and the standard
1Il (33 pound) projectile with the M67 charge (Zones 1 through 7).
Safety Certification Tests were conducted at Aberdeen Proving
Ground in early 1970. Military Potential Tests, performed at
Fort Sill, Oklahoma, were successfully completed in December 1970.
Both standard 105mhowitzers (MlO!A1 and M102) vere used for
comparison during these tests. Stability, accuracy, and human
engineering characteristics of the X11204 were favorably commented
upon by the user. In all, 2,269 rounds were fired from this MPT
weapon with 413 at the maximum impulse level. (Zone 8).
(References 4, 5, and 6).

Mathematical modeis of the weapon were developed to aid the design
engineers in establishing and evaluating physical configuration,
structural integrity and functional controls. (References 7, 8 & 9).
These models were used to verify designs and to systematically study
the effects of parametric variation before selection of specific values.

In the early part of 1972, the design of the XCM205 Cannon was

changed to permit test firing of the XM200 supercharge. This longer
and heavier tube was installed on the original prototype. Concurrently,
a new velocity sensor, an improved suspension system, ring spring

assemblies in the elevation strurs, and a relocated firing base were
incorporated. (Reference 10). With fabrication and installation
of a new cradle, this modified weapon became a' Advanced Development
Prototype.

2

___k,_V_

...



Design of the Engineering Development Prototypes that
will be used for DT /OT = has been initiated. As a result
of the changes in the cannon and the increase in ammunition impulse
levels, new recoil and counterrecoil orifice designs were required

and the effect of carriage flexibility had to be reaqse3sed.
Consequently, the original mathematical models were modified
to more closely represent the current design configuration. At
the same time, an attempt was made to generalize the form so that

minor alterations would allow for their use in the analysis of
future soft-recoil weapon concepts.

CONCLUSIONS AND RECOMMENDATIONS

While the models presented in this report were being developed,
the primary considerations were choice of significant motions and
physical characteristics of the weapon. Specific design features
and functional characteristics peculiar to the XM204 Howitzer
have been included to adapt the models to the requirements of the

design team. These models axe intended to provide a reasonable
representation of normal firing cycles based on firing of the standard
zoned charges and of abnormal cycles resulting from a cook-off

or from a misfire.

Test plans include the collection of data from the firing of
the Advanced Development Prototype under various conditions.
Comparison of test data and predictions obtained from the mathematical
models will provide a basis for model validation. The models should
then be used to identify critical design parameters, to define
the effect of parameter variations, and to establish required values
for specific parameters for use in desi6n of the Engineering
Development Prototypes.
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RIGID BODY MODEL OF A SOFT RECOIL MECHANISM

The schematic diagram of the soft recoil mechanism (Figure 2)
and the free body diagrams (Figures 2, 3, and 4) are the basis
for the mathematical model of recoil motion used to predict
fluid flow and its control. Conventionally, the breech force is
assumed to cause positive acceleration. Therefore, the displacements

" "y" and "x - y" increase in magnitude for the force system shown.
With the recoiling parts in their initial or battery position,
the variables "x" and "y" are def!ned as zero. (No3te that
x -y 2 0" in Figure 2 - i.e., rearward displacement). Symbols
used in aeriving the equations used to predict system motion and
functioning ar-: defined in the Symbol Table (Page 80).

The spear buffer shown in Figure 2 is required to protect the
system from the overload which would be caused by the firing of
the maximum impulse charge before imparting a forward motion to the
recoiling parts (as in the case of a cook-off). This spear buffer
restricts fluid flow between the pressures P and P2 during part
of the cycle. As illustrated schematically in Figure 5, this
restriction exists thileLix >X IIx
-with "x " being the value of "x" for which a becomes equal to A2

For any "x", the flow diagram is shown in Figure 6 with flow
from P to P 4 when "x" is increasing (defined as recoil). The direction
of flow is reversed when "x" is decreasing (during run-up and during
counterrecoil). Values for the orifice areas (a.'s) will vary with1
direction of fluid flow, position of the spear buffer relative to
the piston, and functioning of the velocity sensor.

The pressure drop across the "ith" orifice is defined as

2

(1) g(v. =i sgn(v)

Then,

(2) P1 - P2 - g(vi)

(3) F2 - P3  g(v2 )

(4) P - P
3 4 g(v 3 )

17 i
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wie re

Q's fluid density

, - acceleration due to gravity

discharge coefficient for "ith" orifice
fluid velocity through "ith" orifice

sgn(v.) a algebraic sign of v-

With fluid flow restricted by the spear buffer (that is,
for "x x ,

NA i Na v

(5) v =
1 a1

Nagz1  + NA2  a Na 2 v 2

NAx + NA, = NaV 212 2 2

(6) v A 1 +A2(6) a 12

Na 2 v2  =NAx + a 3v 3

a3 , = , -:. NA2  - NA3  - N..

N 
*(7) v 3 = a x

8
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Now,

a3v3 - A4 Cx- ,)

NARX Ax 4- 4y

A4

A4_- NA R

(8) " A 4 NA4

A4

(10) A4 - NAR
A4

These relations hold as long a- the system remains completely filled
with fluid. (Monitoring of conputed pressure values to ensure that
they remain positive will demonstrate the existence of an oil
filled system).

Rearranging Equations 2, 3, and 4

(11) P3  P + &(v 3 4 3

(12) P2 = P + g(v) - P + g(v) + g(v3)
( 2 P2  3 2 4*4 2 + 3

(13) P1 P + g(vl) P4 + g(vl) + g(v2 ) + g(v3)

From the free body diagrams (Figures 2 and 3), with "x zx (spear
buffer rescricting fluid flow)

(14) MR 'X* B(t) + WR sin - NF sgn( )
p

-F~ sgn~x ) F sgn(A)

~ANPN+ 4
4P 4 +NA 3 P3  NA2 2  11P

9
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and

(13) Mp V " Wp sin + APN + Ff. sgn(- A4P4

Noting that sgn(c) - sgn(" - j) and substituting for "Y" (Equation 9),
Equations 14 and 15 are rewritten as

(14o1) M B(t) + WR si, * (NFp + +Ffp) sgn(;)

A PN + A4P4 + NA3P 3 - NA2 P2 - NAP I

(15.1) M A4 R x W sin .+ N sgn() A
SA "  p PN + Ffp A4p4

By adding Equations 14.1 and 15.1, one obtains

r + A4 - NAR 1
(16) x A MJ =B(t) + (W + W sin~

- (NFp + F ) sgn(l)

+ NA3P3 - NA2P2 - NA 1P1

By substituting Equations 11, 12 and 13, Equation 16 may be rewritten as

+ (M *) l B(t) + (WR + W.) sinr

(NF + F ) sgn(k) + NA3P4

+ NA3 g(v 3 ) - NA2P4 - NA2 g(v 2 )

- NA2 g(v3) - .P4 - NA1 g(v1 )

- NA1 g(v2)- NA, (v 3 )

10
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Collecting terms

[M1 A )4 NM x B(t) + (WR + Wp) sinY

- (Np + F agn(i)
p g

-N(A- 1 + A- A3 ) p 4

- NA, g(vl) - N(A + A2 ) g(v2)

- N(Al I A2 -A 3) g(v3)

Solving Equation 15.1 for P49

(15.2) P iW sin X+ -- F sgn(;)
4 A 4 p A4 fp

AN M - NA R

A N AH
44 4

By substitution, (noting that AR " A1 + A2 - A3)

R
_714 M B(t) + (WR + Wp) gin

-(NF + F) sgn(;) - ~w~ sin
p 9 A4

NA R NA

A4  fp A PN4 4

NAAN A4 - NA R

AA
44

- (g(v) - (A + A2) g(v 2 ) - N g(v3)

N g3

L1

.. .. ,' * ., , ! - 7 -' . :.-. ,.. '- ' : .- : ..



or, rearranging tetva

NJ M NA R)

(NFp + Fg+ A Ffp) sgn(x) - A P

NA, g(v,) - N(A1 + A2) g(v2) - NAR g(v3)

If the initial value is VV the gas volume for any displacement "x"
is written as

VN = vo - N (x -Y) -N A 4

Then, assuming adiabatic gas laws, the gas pressure for any displacement
"x" is determined from

IvI.
k k IN N 0 0

Voo~ (~)k

(18) P N ° o _ _ _ __
R N

0 xA "4

From the free body diagram (Figure 4), the force cn the recoil rod is
given by

(19) R - NA P+ NA 2  - NAP + % gn()

33 p

When fluid flow is not restricted by the spear buffer, (i.e.

f or "-.: < x "), the preceding analysis must be modified by noting that
the force on the end of the spear buffer (Figure 2) will be NA P
rather than NA2P2 and that flow from P to P2 will be defined jyl

N(Ai+A 2) - Nlv

AA2
)= a1  x

1'

12 p
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Therefore, for "x <~ x e", Equation 14.1 should be written as

(14.2) Hx-B(t) + WR Bin - (NF p +1 g + F s )

-NPN + A4p4 + N A3p3 - NAp - UlPl

when thiR is added to Equation 15.1, one obtains

(16.1) % + -A R(t) + (W + wp sin 2"
A4 R p

- (NF + F) sgn(i)
p g

+NA 3P3 - 3(A +A 2 )P1  ]
From this, by substituting Equations 11 and 13,

+ A4 -N x B(t) +(WR +W hinY

- (NFp + ) ( )9

+ NA P +NA
S 4  A3 g(v3)

- N(A+) P- N(A + A) g(V1 )Al(. + A2) P4 ".%+% {l

- N(A 2 + A) 5(v2 ) - N(A1 + Ad ~ v3 )

1

13
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Therefore, collecting terms and noting that AR -A, I A2 -A 3

[M 4 NR M] xaB(t) +(WR + W sin7

-(NF + F )sgn(i)
p g

-N P - N(A1 + A2) g(v,)

N(Al + A2 g(v)- A8C)r

Again, substitting for P and rearranging,
4

(17.1) L+ A4 NA)MJ WR + A4t + 4 )Wpjsn
+( B (t) + sinI

-NARAR

A N
4

N A )[gv+gv)
-'1 + 12 9( g~2)

- AR g(v3)

By defining

H 1i- if x x
(20'

Hii 0 i f x xe

14



Equations 5 and 5.1 may be written as

(5.2) v 1 a X

ai'

Equations 18 and 18.1 may be written as

(17.2) +4Z N - B(t) -

- (NFP + Fg + Ffp) s 1

+ I N

L N(A HA~g(v)

- g(v 3 )

Then, by using Equations 5.2 and 18.2 along with Equation 20,
a single system of equations defines the entire cycle as long ashe eanism remins filled wit fluid.

Negative pressure values obtained during the solution of the
preceding system of equations will denote that the system is no longer
completely filled with fluid. If this occurs, a new set of
equations is required. This condition is anticipated since fluid
flov through the velocity sensor (orifice area 83) is sharply
restricted after initiaton of firing to prevent any increase in velocity
during an ignition delay period. To approximate system motion after
a negative pressure has been computed, asau that

TheP'3 = ' P2 ' l -o0

RP4  +- (v 3

15



and Equations 14 and 15 must be rewritten as

(21) x- B(t) +W sn7 - (NF +F) sin(!)
MR ~t + R inp g

-fp sgn(x-y) ANPN - A4 g(v 3 )

(22) *NYy W sin xY

+ A 4 g(V3)

with

or

(23) 43 _ a

and

(24) PN P P

These equations will be considered as definitions of system
motion as long as

NAR x > A4  (x -y)

During this period

(25) R- Y sg(i)
p

16



I
The governing differential equations of motion are solved

by standard numerical methods, with the system controls of the
actual mechanism being simulated by logic decisions of the computer.
These logic decisions are defined in the following manner.

1. k cycle is initiated by the setting of
appropriate initial conditions (e.g., x - 0

and 0 at t - 0).

2. Firing is initiated on the basis of either
velocity (is "it" > some specified value?)
or displacement (Is "x" some specified
value?)

3. ignition delay is simulated by a variation
of the rime lapse between initiation of firing
and ak.,.ication of the breech force.

4. The orifice area a3 may have either of two
values,

a before firing if " c 4 0"

a3 A after firing if "x . 0"

a whenever "x 0"

5. The orifice area a2 has a single value for this
model.

6. The orifice area a1 varies with both position and
direction of fluid flow, since it is dependent
on restriction of fluid flow between P1 and P2 by
the spear buffer and by fmctioning of the check
valve in the spear buffer. Letting

av  - flow area through check valve

aleak - annular orifice area resulting from

the necessary clearance between the
piston head and the spear buffer.

a - orifice area which is dependent on
x position of the spear buffer.

• 17



The orifice area may be defined as

+al..k +" af Xe

a + a + a if "x > > x
x leak v v e

a, and " > 0"

ax+ a ekif fix > X of and "4 > 0"ax +aleak if0

a"+l f 1 x> x" and "x < 0"
a x +al..k i f WX> xe i n i

By making "a A2 " for "x < Xe" the definition siuplifies to

a +a of
x leak unless "x > x 7 x"and " > 0"

a ,

a + a + a when "x > x> x"and " > 0"
x leak v v e

7. Define

SI if "X < xe"

H -

0 if "i > Xe"

8. Choose governing system of equations on the basis of

P 3 >  0 or I3 !: 0

The rigid body model of the soft recoil mechanisn is samarized
in Table I.

18
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'I
TABLE I

RIGID BODY MODEL OF SOFT RECOIL MECHANISM

A. EQUATIONS OF MOTION

(17.2) M-+ ( B(t) P N
IAN _ Ni

1p) Wpn sin
+[R+ A 4I

-(N? + F + NRF sn)p g A4  fp

- N(A 1 + HA2 ) g(v1 ) - N(Al + A2 ) g(v2)

- NAR g(v3 )

1 i f "x c x

(20) H

,,,

0 if fix >__ x e

( 1 8 ) P N p P  .. . 0

V I

o A4vl (: (v)) 2
(1) g(vi) " "gn(v

(5.2) va A +a

19
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TABLE I (cont'd)

A + HA
1 2

(6) v 2 " 2

(7) - 8

A4 - NAR
(i0) y - A4  Z

(15.2) P4  A p A Ffp sgn()

4 4
A N 

mA 4

(11) P3 -P 4 + g(v3)

(12) P2 " P3 + g(v2 )

(13) P1 "P2 + g(v1)

(19) R NAIPj + NA2P2 - NA3 P3 + NYp ogn(i)

lIf P < 0 and Ng x > A4 (x-y

(21) "  "B(t) + WR sin - (NF + F)

- fp ( - - - A4 S(v 3 )

(22) H y - Wp+ +F sgn(i

+ g(v3)

A4

(23) v a3

20



TABLE I (cont'd)

(24) P N o ( V ANxY

(25) R -NF~ sgn(i:)

B.* LOGIC CONTROLS

Ix , firing velocity

Initiate firing (t -tf) if or

Lx :S firing displacement

Initiate breech force if ttf +Into ea

a~b whenever x> 0f[ a3  a~b before firing if i~ 0

Sa3 , after firing if x < 0

ax+aleak unless x > x > Xe and x70

a,

1 la itleak + a when x > x > Xe and x 0

21
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DESIGN OF RECOIL AND COUNTERRECOIL CONTROL ORIFICE

When x > 0, control of recoil motion is provided by the
spear buffer. With fluid flow restricted by this component, te
motion is defined by

(17) [ (A 4: 2  P mB(t) +R + (A 4 -R]

- (NF + F + -RA g F) sgP)
p p A 4  N

- NAk g(vl) -N(Al + A2 ) g(v 2 ) -NAR g(v 3 )

This equation has the formL(26) M~ x A( t) - D(t)

where

(27) H (AM

(28) W -( 4 A ) p sin

(29) A(t) B Et) + W ff

(30) D(t) -(NF + F +NA F+
p g A 4 fpA4 N

+ NA., g(v,) + N1(Al + A 2 ) 9(v2) + NAR g(v3)

From the preceding analysis i

(5) v1  - a1

(6) V a2  x

(7) v. 3 -
i 3 22



~i.

2

(1) g(v 1) - sgn(v i )

After u.-ing the moment-area equations (following section)
to define the required control function [D(tf], Equation 26 is
solved numerically for "x" and "I" at any time "t". This
allows evaluation of the function g(v 1 ) from

(31) g(v1) - (- FP + F& +-4 FfP) Iu(;)NA1  N 1  IF A4  f

NA"A
A4  PN -N(Al + A2) g(v2)

- NA 3

The required control orifice area is next computed from

(32) v sgnvg)

and (32) ~0 gvvl (KVnTC (v7) sngv
and

Ax
(33) a I  

1

v1

For a quadrant elevation of zero degrees, the equation by
which motion after firing is defined is (Equation 17 with B(t) - 0
and sin. 0)

(34) eff  - (NFp + Fg A4Ff SgIW

NARAN
A4  N NAI g(vl)

-N(Al + A2) g(v2 )- A.g(v3)

23
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with "x < 0" (during counterrecoil), this may be written

(after assuming c :; C 2 0 c 3  " ) as

(35) M(NF+ F + _ F

Meffh p 9 A 4  fp

NARAM
-- P

N
A4

[. NAI N(A 1 + A) 3  (NA) 2

29c2  al2  a 2  a 2

As indicated in this equation, the gas pressure "P " produces

the negative acceleration while effective friction and Hydraulic

throttling produce the positive accelerations. The velocity of i

the recoiling parts will be constant if the acceleration is equal

to zero. That is, if the following relation holds

NA 3  N (A, + ANA):' .2

2g[ 2 a12 + 2 a 2
(6 2 23af2

NA R N"RA
+NF+F - Ff) - pN

p g A4  fp A4  N

To ensure control, the friction forces can be noglected and, by

proper sizing of the orifice areas (a.), any one orifice can be made
to limit the counterrecoil velocity. A specified value for the
minimum counterrecoil velocity, (;c ) can be used to define a value
for "a 3af" through the following ation.

3a q (NARAN N(Al +A2) NA,~

(37) 24cf NAA P 2

To limit the terminal counterrecoil velocity (T), the value of

a can be defined by the relation

(38) NA jP):2(A)
1 T23a f

24



Actually, the minimilm value for a1 is determined by the

necessary clearance between the spear buffer and the recoil piston

head. Then, at latch position,

a aleak

L and, by neglecting term that include

a ad

25
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DEFINITION OF RECOIL AND COUNTERRECOIL CONTROL FUNCTIONS

Linear motion (x) of the recoiling mass (Meff) is defined by a
differential equation having the form:

(40) H x A(t) - D(t)

eff

where (Figure 7):

A(t) - Summation of forces causing positive acceleration

D(t) - Summation of forces causing negative acceleration
and both may be considered as functions of time.

. D(t) Af t)

x |

FIGURE 7

Free Body Diagram of Recoiling Mass

Since the firing cycle begins with the recoiling parts at rest, the

initial conditions are:

x 0 and - 0 when t - 0

If a definition of A(t) and D(t) is assumed, a graphical interpretation
of Equation 40 at any instant (t t ) is given by the following
equations. (Reference 8, Pages 6 ani 7).

26
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Mosent Area Equations

(41) Mef f it t A(t) dt D(t) dt
o o

t

(42) Hef x ~ 'x[~ (t) A(t) dt

ti0

t- Sw~) D(t) dt
'JJ

0

where

ti

(43) A(t) dt - Area under curve of A(t) from t - 0 to t t

t

(44) J D(t) dt - Area under curve of D(t) from t - 0 to t - t i

0

(45) - 1(t)] A(t) dt - Moment of area under A(t) around t - t

i. 0

(461 i - (t D(t) dt = Moment of area under D(t) around t - ti

0

If A(t) is prescribed forcing function (i.e., a breech force
plus an effective weight component), D(t) will be a control function by
which some specified motion of the mass M$ is produced. Equations 41 and 42
can be used La obtaiu the required d6finiffin of the control function )(t).

For a conventional recoil cycle, the breech force [B(t)] is applied
at t - 0 and recoil displacenent must be limited. Then, let

D - Value of D(t) at beginning of recoil (t - 0)
0

27
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D a Value of D(t) at end of recoil (t tr)er

- Allowable recoil displacement (x X t at t t r )r

-= Area under B(t) (Imulse)

a- - Location of centroid of area under B(t)

W ef f  Effective weight component

A minimum peak value for D(t) can be obtained if the function is
held constant over the complete recoil stroke. However, since an

instantaneous increase in D(t) is impossible, a reasonable rise and
fall time mus, be allowed. Leit

Ar - Specified rise and fall time for D(t)r

Dr - Constant level of decelerating force£

The assumed force system is illustrated graphically in Figure 8.

A
B(t) t -t r

eAccelerating forces

t

Decelerating forces

FIGURE 8

Assumed Force System for a

Conventional Recoil Cycle

28
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Ir, I
Equations 41 and 42 say be solved situltaneously for values

of the umknown DR and t .

Meff j+ + De- Do
(47) t 6 r

r 21 + (De -D O) ar

I + Wef tr -5 (D° + De )A
I ff rt

(48) D =

This defines the control function used to design the spear
buffer which protects the system from damage if a maximm
inpulse charge is fired from latch (i.e., cook-off).

For an ideal soft-recoil cycle, the assumed force system is that
ahou. in Figure 9.

a FAccelerating forces

(t) '
tf

eff
-t

D

t t r

Decelerating forces

FIGURE 9

Assumed Force System for an
Ideal Soft Recoil Cycle
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with

At) - 3(t) + Woff

D(t) - D (Assumed constant)

x - 0 and 0 at t - 0 (Battery)

x 0 0 and 0 att - tR (Retu= to battery)

z- Z and a x at t - tf (Firing)

The momnt area equa ione (Equations 41 and 42) can be solved
for

D Required drive force

t - Cycle time

X f Firing velocity

2

(49) D - 4( f I + i) 'f
eff

(50) t - D

(51) 1f + -- +
f 'N ff  %e f f

During a normal soft-recoil cycle, the retotling parts are

(1) driven forward by expansion of the go in the recuperator;

(2) returned to a point slightly to the rear of latch
position by application of the breach force; and

30
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(3) returned to latch by the gas force.

During a maximum overload cycle (caused by firing from the latch
position, the recoiling parts are

(1) driven fearward by application of the breach
force;

(2) brought to a atop by hydraulic throttling of oil
between the spear buffer and the recoil piston,
and,

(3) returned to battery (latch position) by expansion
of the compresed gas in the recuperator.

In both cases, counterrecoil control must be provided to prevent impact

against the latch mechanism.

For the soft-recoil mechanism (shown schematically in Figure 2),

the minimum counterrecoil velocity is limited by restriction of the fluid

flow from the recuperator through-the orifice area a3 .  (After ftring,

a3 - a3af as defined by Equation 37 when "i 4 0.") To protect

the latch mechanism, final counterrecoil control is produced by use

of the spear buffer to restrict the oil flow between P2 and PI. Use

of the Epear buffer for both recoil and counterrecoil control is

made possible by the check valve which is effective while "x > x > 0."
v

During recoil, P1 > P2 and the valve is opened to allow flw through

the valve orifice (av) as well as around the spear buffer (ax + leak)/

During counterrecoil, with P2 > P1 and the valve closed, flow

between P2 and P1 is restricted to the annular orifice around the

spear buffer (a + a ). (See Pas18).x leak Pg .)

-or an acceptable counterrecoil control function, the counterrecoil

velocity must be changed from at X - xv to Zr at z - x. by throttling
of fluid ilow between P2 and PI" As a result of the restricted

flow between the recuperator and recoil cylinders through the orifice a3af
(thereby limiting the magnitude of i), she accelerating force is

approximately zero when control of fluid flow thr-ough a1 is initiated.

Since the terminal velocity is to be held constant from x - xT to

x - 0, the accelerating force will again to zero when x - xT .

31
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By substituting Equations 2, 3, and 4 in Equatioc 17, V. obtain the
following equation defining counterrecoil notion at O Q..
[i.e., B(t) - 0, i 0 and min 7" 0]

2 "
4A ~ ~ ~ p ) 4f

- P - MA (P-P 2 )
A 4  N1U 2

- N(A 1 + A2 -)2 3 - NAR(? 3 - P4)

with the significant pressure drop across the orifice a.

PN =: P4 P3 -2 P2

and the above equation becomes

2

(53) + H (N~P + F + 2i i

NA A P -NA (Pl- PN)
A4 N

If P1 0 0, the accelerating force is given by

N"

A 4  N + AlPN

. N %i
D- (N + F+ +"- F)

p g A 4  fp

A

32



With counterrecoil control occurring near the latch position where
PN - P , a liniting design value for "D" is given by

(54) D - (NF + F + N> FN(A - A-A - P- )
p S A 4  fp +N A 4j- ~0

Based on the preceding analysis, the counterrecoil control function
must satisfy the following constraints

D(t) 0 when x x and -x

D(t) D for x < x - 0

D(t) -0 when x xT and x "

The shape oL' the control function r.-y be chosei, n some essentially
arbitrary fashion so long as adequate flow control can be maintained.
One such choice is shown (Figure 10).

TT

Beginning of c_
counterrecoil
control by spear
buffer

b t

FIGURE 10
Counterrecoil Control Function

1
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Then, from "t 0 to t T "1  otion i defined by
21

2CR
M e f f z " T ' - t

where

H +,

DCI N~ $ A4  " LA 4 o

NOiE: .'t' s aseewmed zero when counterrecoil control begins.

TheR,

+ + K1

M eff A4 M 2

DA R

DCR t 2

Ieff x - + K1 t+K 2D3
T 3

Since

X x v and x x. at t 0

The constants of integration are

K1 eff immn

K2 "Meff Xv
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Therefore, at t aandx-X

D 2
CR T

T. 4 a ft =in

4 ef f  M

and

M X D CR T3 +eff~~ - 8 ef M 1ff xv

DCRmin T+ x + x

24 Me 2

While the function D(t) is decreasing, the equation of motion may be
L written as

2 DCR

eff CR TC

with

x - Kand x - X at t

NOTE: Here, "t" has been assumed zero when the control function begins
to decrease.

2DD 2

t 2 D CR t 3Meft x D CR -2 -T -3 1" Kl t+ K2

and the consLants of integration are

2. ? eff

35
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As originally specified, when "D" retutes to zero

=1- ZI and x -

Thc n, ac t T T
2 I

- D T DCR T 2

Meff 2 CR f -4
T

D T

DCRT
+ * + m neff  414ef f  Meff ;i

f CT+ eff XMin

(55) -T DCR T

aff

CR T CR T
eff XT 2 3T -

+ D CR T T T4 +  Mef2f Xmin

PC T

+ 24 + Meff min 2 "ff Xv

2 T T

eff T ' 24 e T4o1

+ Meff imin  T + Heff xv

36
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D CR T2

(56) Meff fT R + eff v

Equations 55 and 56 may be solved simultaneously for values of
"T" and "x " when values for "D M and x are specified.

min CR' neff' 'r v
By substituting Equation 55 in Equation 56,

2 T
CR DCR

Mef  T  - + Mef T T -2 + Meff xv

(57) DCR 2
4- M eff '- T - M eff  (x v  - ) -0

Equstvon 57 can then be solved for "T" and "x m" determined by
solving Equation 55.
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CARRIAGE RESPONSE TO FIRING LOADS

In this model, three degrees of freedom are considered as shown
in the schematic representation (Figure 11). The mass centers shown
are defined as:

HD - Mass of nonelevating portion of the weapon

MB - Mass of elevating (but nonrecoiling) parts

MA - Mass of recoiling parts

The three degrees of freedom may be defined in terms of the three
time-dependent variables:

nA - Defines the position of MA with respect to the elevation
trunnion

e - Defines relative rotation between MB and Mn around the
elevation trunnion

- Defines rotation of MD  around an axis of rotation fixed
in the ground

On the assumption that all motions being considered are in the
plane of elevation, only planar coordinates will be required. Therefore,
dimensions are defined in the positive sense according to the following
coordinate systems as shown in Figure 11.

0-BC : A coordinate system fixed in the ground with its origin

at the point of rotation for the mass MD

0-YZ : A coordinate system fixed in the mass M. (and rotating with
it) having its origin at the point of rotation for this mass.

T-n; :A coordinate system rotating with the mass N and having its
origin at the elevation trunnion. At the time, t - 0, this
system has been rotated through the elevation angle (Y)
from its original position parallel to the 0-YZ coordinate
system.

From Figure 11, the following relationships may be derived:

YA a YT + nA cOs (Y + ) -A sin (Y + 6)

ZA - ZT + n Ys n (Y + ) +A Coo (Y + 8)

39
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BA -YT COs -ZT i 0 + nA cos (y + 6 + ) "CA sin (y + 8 + *)

CA W YT sin 0 + ZT Cos 0 + nA sin (y + 8 + 4) + CA cos (y +48+ )

Similarily:

YB - YT + nB  cos (y + 0) -B sin (y + 8)

ZB - ZT + "B (Y + 6) + B cos (y + )

B = YT Cos 0 - ZT sin 0 + nB cos (y + B + ) -C. sin (Y + B + *)

C - Y sin * + ZT  cos + nB sin (Y + + 0) + B (Y +8+ *)

And,

3D -YD C(15-Zy Bil

C YD sin + ZD cos 0

Notilng that rA, 5 and 0 are time dependant variable&, differetiatiou
with respect to time gives:

BA - - s in 0 + k Cos

(0 + ) nA sin Cy ( Y + 0) + CA Cos CY + 8 + )]

+ nA coo (Y + 8 + *)

+ C; + I nA Cos ( + 0 + 0) - A sin (y + 8 + )]

+ A sin (y + a + 0)

JY sinl * + 7T coo 0]

- (8 + ) [ sin C, + 8 + ) + CB coo (y + 6 + ,)

LYT Co 0- 7 sin 0

+ (0 + coo (y + + 0) S ( + 8 +*)]

S-' [ YD sin 0 + Z co& 0)

S ; [YD coB - ZD sin 0]

41



Differentiating again wiUh respect to time gives:

BA [YT sin 0 + ZT  Cos ]

- (8 + " [ sin (y + + ) + CA cog Cy +8+ )]
+ '. cog ('Y + e +

- (8 + $) [2; A sAin (Y + + ]

;2
S [YT coS 0 - ZT  sin *]

-(8 + $)2[InA cos (y + 8 + 0)-CAsin (y + + )]

CA" *0 [YT cos - ZT  sin 0]

+ ('6 + 70) 1 nA coB (y + e + 0) - CA sin ( + e + 0)1

+sA Sin (y + + )

+(t + $) [2; COA C + + )J
-2[Y T  sin + ZT Cos

In sin () + + 40+ cos (Y + +

BB 0 IT sin - + ZT CosB0

- (8 + * r 1,B sin (y + e + 9) + CB cos (y +8 + ,)]

- cT coS - ZT  sin 0]

_ + $)2 coB (y + 8 + 0) -C sin ( + B + (0)]

C3  " "[YT cos +ZT sin fl

+ (8 + "0) InB Cos (y + 8 + 9) - s B in (y + 8+ 0)]

-,2 [YT sin I + ZT COS 01

2
_ C + ) [ in (Y + + 9) + 4B coo (T + e + 9)]

IA

42



BD " [YD sin 0 + ZD coo 4]
.2

- c[D coo - ZDs

F'D = *[D Co - ZD  n ]

- .2
[D sn + ZD  cos

By defining

T - Kinetic energy of the system

V - Potential energy of the system

F,,Fe= Generalized forces (torques) causing rotations and r

the Lagrange equations become:

For pitch motion (defined by 0 ):

(8) 3T]- F

For relative rotation (defined by e):

(59) -L [+K -i- Fe

If iA, IB and i D are mass moments of inertia of each mass around
its mass center, the Kinetic energy may be defined in terms of velocity
compunents (referenced to the fixed coordinate system O-BC) and rotational
velocities as:

1 •2 .2- MA(BA +CA]

1 • 2 .2
+ Y MB EBB +CdBI

1 2 .2
2 KDLBD +CDI
1 2

+ 2 IA+ IB3 [; +

1 .2
+ ID
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After terms are expanded and collected, the following expression
for kinetic energy is obtained:

(60) T A [2 T2 + ZT2 + n 2 A 2+ 2 (nAYT + CAZT) con (y + e)

+ 2 (nAZT - CAYT) sin (y + 01J

.2 2 2 .2
A+n + * A ]+ nA

+ 2$6 n A 2 +A2 + (7 yT + 4AZT) cos (Y + e)

+ ~Ysin (Y + e)]
AZT AYT

-
2 Ae 7 A -

2 A A~; - T si (Y + 8) + zT cos (y + 8))

N [2 2 2 2
+ - 'T +ZT + n B + C + 2 (n B YT + tsrB ) Cos (Y + 8

+ 2 (flEZT - BYT sin (Y + 8)]

.2 2 2

+2 111 + C2+ (n -.+ CjZ.T) Cos (Y + 8

2B 2

+ (n BZT - YT sin (Y + 0)]3

M 2  2 2 1_+_B_2_D_
Y +~ .4zI + 2 + -n.;

D 2 2
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Differentiating Equa~tion 60 with respect to

MA PYT2 +T A 2 A T A T

+ 2(Ti "T ~Y sin (y +e)
AZT AT

2 2
+ 8 EnI + A+~AT . ~Z)Cos (y + 8

+ (nAZT - 7T sin (Y +e)

E; y'A-~ sin (y + 8) +- ZT Cos (T + 8) j

+ . 5 T 2 +C 2 (J

~ T+ + B B + (YT + 413ZT) Cos (y + 0

+ 2C BZT- sin (Y, +8)

+ BZT -'BT~ y401

. 2 2 +2*

+H[Y *ZD+ +V CTAcs y+6

B B5



And then with respect to time

(6) d [Mti ly r 2 + z2~ + 2 + 2 2(n + ~Z)cr Y+

(6) dt TI A T A A AT AY o y+e

+ 2 (rAZT - CAYT) sin (y + 8)]

+ MB [¥T2 + ZT2 + rB2 + B2 + 2(nBYT + CBZT) cos (y + 0)

+ 2(nBZT - 4BYT) sin (t + 8)]

S [YD 2 + ZD2 ] + [A + IB + ID

+'M [IIA + CA + (n AYT +  ^ZT) cos (y +8)

+ ZnAzAT - sYTsin (Y + 0)]

+ MB [B 2.+ 4B2 + (nBYT + ;BZT) COS (Y + %)

+ (I"Z-; Y ) - sin ( + 8)]

+ 
[( + 

1B ] 

I

A A (AYT Si + 0) + Z Coo (y )

- 2j A [A T Co)si (y + 6) + Z ATsi (Y +8)

2

+ A [nYT + r ZT) sin (y + 8) - (NZz- Y cos (y +

28 . A [ + T cos (Cr + ) + z,. si.n (y + e)]

+2 A H + [ T cosn ( + 8)+Z sin ( .+ )]

B + BZT) sin ([VT +) - (nBZ T - YT) cos (Y + 8)11
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Similarily, differentiating Equation 60 first vith respect to 0

A7 A A

+ A2 + 2 + (nA+tAZT) coo (y+ 6) +(nAZT - sin ('Y+ i)

- qA 'A jj
+ A ; A%2

+ M riB 2+ B 2

+ B [B2 + 2 + (nBYT + BZT) cos (y + O + (n BZT  B y ) sin (y + 8)]j

+ +'A+ I I [ + )

And then with respect to time,

oL d r4, 1  J 2(62)a IT .i 'r[ +Z A T AT c (

+ (nZ - AYT) sin t + 0)]

2 2+ M [nB 2 + B + (nBY T + C ) coo (y + 8)

+ (nBZT - 4BYT) sin (Y + B)]

+ [IA + IB]]

2 2 2 +2 + n "+ 8 M n A + A  + B  I nB+ B + 1A + A "MA Y

- V [T + YTZr) si (y + ) - (nAZr - T€) Cos 0- + ))

+ ' [( BYT + 'BZT) ain (Y + ) - nBZT- YT) cos ( + 0)]

+ 0;AI [2MA hA]+ A A 2 A + yT Cos (y + 6) + ZT sin (Y + )]
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Next, differentiating Equation 60 with respect to 11
(63) DT 0

and with respect to e

(64)M [(sYT 4Az& sin ( - (siAZT -8)YT- os (y + )]

+ MA MA YT + c~ (AZT + )+ snA ;AY ). sin ( + ) C os (y + B~1

+ A 10 1

A A Y coo (y +0) + Z sin (Y +8)]

A AY T AY sn( T ) " A o Y+6

+ KB [(nBYT + 4BZT) sin (Y + 0) - (BZ T - B YT) Cos (y 8)]1

The potential energy in the system may be defined as the at of

VW - Potential energy due to weight

VG  - Potenttal energy stored in the effective spring at the front support point.

V - Potential energy stored in the equilibrato.s
EQ

VEL Potential energy stored in the elevation struts

Thac is,

(65) V- VW + VG + VEQ + VEL

Since the change in potential energy with respect to each of the
Soneralized coordinates is the important factor in the Lagrange equation,
azy reference position may be used. This analysis is based on the

48L
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following definition for the reference position:nA - p A .i

N4 O

e0

The potential energy due to weight is given by: "

VW CA A + CS WB + CD WD
I

or

LIi
(66) VW [YT sin + ZT coo B + nA sin (Y +) + A (Y + + A

+ [Y sin + ZT cos 0 + nB sin (Y + 8 + q) +CB cos (Y + e + 0)] wB

+ [YD sin € + ZD Cos fl WD

Then, diffezsntiating Equation 66 with respect to 0 and with respect to 8,

(67) - [YT cos - ZT sin 0 + A cos (Y+ 8+) A sin (Y + )JW A

+ [YT Cos .T sin + n B cos + c sin (Y + e + 0)) WB

+ (YD cos P -ZD sin 0 WD

(68) [ cos (Y + + 4) - A sin (Y + b *)] WA
A AA

+ TB Cos (Y + + 0) %sin (y + 8+ )] WB

49
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By defining static equilibrium as the refertnce position, the static

load in the ground spring is given by

B W + b W BD W
A A B B D Dstatic 

L

and, if we assume an effective spring having a linear load-delection
relationship w: :h

K - Effective Spring RateG

a static deflection of the spring can be defined as:

A Catatic ' Pstatic/KG

The deflection of the spring due to tae pitch motion 4 is given b)

A -- L

The minus sign decreases the spring deflection as 0 increases when

L > 0 (i.e. - when the pivot point is at the rear), and i-creeres
the sprtng deflection as * increases when L < 0 "i.e. - when the pivot
point is in front of the spring). This allows cie total spring
deflection to be written as:

G Wt G~~static

Then, the potential energy in this spring is given by:

1 A 1 2
VG m (KA) G KG G

V KG [A + A 2

P 22* C

I + static
2 G K G

2 KGLJJ

-KG 2Pstatic 12
2 Kc L

50 1

LJ ---



Letting

-static
K L

static L

or

3 W + B W + B W I

$ ~A A B B D Dstatic Y'GL2

The potential energy can be written as

(69) VG 1 - staLi

2
(70) " K - static

and

(71) --. =0

The equilibratorq and elevating struts will act as co-linear
s'ring elements w4hose potential energies change with their changC
in length. To establish this change in length, the following
coordinates may be defined:

YI Y T + cos (y + e) - eEL sin (y + e)

i-.
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Z1 - ZT +n sLin (y + 0) + c BEL Cs '

E2 EL

2 EL

Then, the length of the elevating 
struts is given by:

LEL Y + ( - (Y - Y2)2 + (Zl - Z2 )
2 ] 1/2

Substitution, expansion, and col.eccion of tents allows the writing oft

LXI a (Y y 2 +z- )2 + 2 2
LEL Y + 0 (Y YL 2 + (ZT _ zE) 2+ n2+ ;EL

y+O FL T aL a ELI

+ 2[(YT - YEL) TIL + (ZT - ZELy 'La C03 (Y + B)

" 2(Y T Y L) 'CL- (ZT- ZEL) DEL ] siu (y + 8)] 1/2

.'.

I
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By defining the constants:

(72) EL (YT - YEL 2 1- (ZlT - EL)2 +  EL +  EL

(73) EL2- [(YT - Y EL EL + (ZT- ZEL) CEL]

(74) EL? [(Y - YL) c - (Z- 2) n]
T EL FT. T EIL EL 1

The length may be written as

(75) LEL Y + - [ELI + 2EL2 cos (y + 8) - 2EL3 sin (Y + 
1 /2
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A spring equilibrator (compression type) is shown
schematically in Figure 13.

FIGURE 13 L!
Spring Equilibrator - Coiupression Type

Let

PEQ Preload in eiwuilibrator spring (i.e. -load at y 0*)

KEQ -Spring rate of equilibrator spring

54[



Then, the total force for two parallel equilibrators
is given by

(76) FEQy 8 2 [PEQ - KEQ CLELY + - LEL)

With the reference position defined by 8 - 0, the potential kenergy stored in the equilibrator is given by

LEL +

VEQ f FEQ d (LEL Y +
EE

LELYI 2[?EQ - KEQ (LELY + LL) d (LEL y + 8 )

LELY

LEL + 8

m 2f [PE+KE LE -K (LL y+ 8 )] d (LL y+ )

LELy

2 [(PEq + KEQLEL,) (LEL y +e) KEQ 2

LELY

n 2 [(PEQ + KEQ LEL0 ) (LEL - LEL )
Y+0 Y

2 (LELy + - LEL y

Then

e = L(PEQ + KEQ LELY ;

LELELi - K Q LEL + 0

KEQ ] ay+ 8 ae

I



(77) 2!ES 2[LP EQ - K~ (LEL+ - LEL 0) 3E

and, since V. is indpendent of the variable 0

(78) L=q 0

The elevation struts contain preloaded ring spring asseblies
as shown in Figure 14.

M±Oa sprinA Ass embly

LEL y+e

FIGURE 14
Scl~eaatic Diagram of Elevation Strut
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Treating an increase in length as a positive deflection of the
spring assembly and defining a tension load as positive enables
one to depict graphically the force in one strut (Figure 15).

Load in One Strut

FEL I-

2 K

H Pr 

2 s
s I

FEL- "O

II
2 I

-=======---Deflection

FIGURE 15
Load Deflection Curve for one Elevation Strut 1

Note that the value of FEL is taken as zero at time 0. Then the
spring deflection is given by

=LL + LEL i

1

Ii

-. j'-- ..-



Since the load in the elevation strut must be defined in a piecewise

fashion, the potential energy will also be defined in this manner.
With the equilibrators approximately balancing the tipping parts when
e - 0, the potential energy in the elevation struts (both) may be
defined as twice the area between the load deflection curve and the
A axis from A - 0 to a The curve chosen will be dependent on
whether the spring assembly is being compressed or releasing its energy.

The potential energy (VL ) can be expressed as a function of the
strut deflection A in the form

(79) VEL 1A - r]2  K + 2[A - r] Ps + H

where the constants r, K, P. and H are defined in a piecewise fashion.
(See Figure 15).

Since A is independent of 0

3VEL
(80) E - o

However,

VEL A a
S2 [A - r] K + 2p

-2 K [A - r) + Ps

and since

A- L~ 8 - LELy

The equation

(81) -- -2 K [LELy + -LELy - r] + P] y+

is obtained
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Recalling that (Equation 65)

V m VW + VG + VEQ + VEL

The following relations may be written

3V 3V V V 5V 3

- - VEL

- G EQ +-
3e Be 36 38 6 e

Then, making the appropriate substitutions in the above equations, using
Equations 67, 70, 78 and 80

(82) [YT Cos - ZT sin0+t Cos (y+8+) - sn(y+a 0 . )]W
ao T T A A A

+ [YT cos -Z T sin +nB cos (Y + + )- B sin (Y+.- + )]W B

+ [YD Cos Z D sin ] D + KG L2(0 static

Using Equations 68, 71, 77, and 81

38 [nA COs (Y + 6 + 0) - sin (y + a + 0)] WA

+ [n cos (y+6 -) - 4B sin (y + 8 + 0)] WB

+6
+ 2 jPEQ-KF (LELy + "LEL )] 3

3LVL
+ 2[K(LEL -LEL -r)+P] * +

which may be written
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(83) v In Cos r+ + sin (Y+9+0)1 WAO C~ e~ A si Y8*] A

+ InB cos (y + + 6 ) - B sin (y + a + *)] WB

-[KE ( [ELI+ 2EL2 cos (y + 6) - 2EL3 sin (Y+ e)]12 - E
- [ELI + 2EL2]11/2

r EL2 sin (y + 0) + EL3 cos (y + 8)

I [ELI 2EL2 cos (y + 6) - 2EL3 sin (y + 0)]1/2J

K ( [ ELI + 2 EL2 cos (y + 6) - 2EL3 sin ( 7 + 8 ) ] 1/ 2 )

-[ELI + 2EL2 cos Y - 2EL3 sin y]1 2

EU ~ ~sin (y + 0)1co1/2

[ELI 2EL2 cos (v+ ) 2EL3 sin (y + 0)] 1 /2
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By the resolution of the breech force [B(Ct)] into a force along
the n - axis and a couple around the point T and by including the

dissipation functions representing dmping in the ground spring
and in the elevation trunnion, the generalized forces may be
.aken as the torques around the appropriate pivot points (0 and T).
Then,

F -B(t) Y1 -T B(t) sin (y + e) + Z B(t) cos (y + e) c
1 T T

F -B(t) & -cO

or

(84) FO - YT sin (y + e) + Z T cos (y + e)] B(t) -c

(85) Fe =  B(t) q C 0

Then, since the Lagrange Equation for the pitch motion (defined by 0) is

d ITT + .- F
-" I -

and for the relative rotation of masses MB and MD (defined by f) is

d [I a T 3V F

proper substitution enables the following equations to be written

Equation 89 (See Page 64 )

Equation 90 (See Page 64 )
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in obtaining the equaLion for linear motion of the mas center, Newton's
Equations may be used. From Figure 11

B . + C kA A

where BA and CA are components of the acceleration nf the recoiling
mass in the fixed coordinate system u-BC. Then the lacceleration
components of the recoiling mass In the n and t directions are L

"A cos (Y + 6+ 0)+CA sin (Y + 6+)

B~ A sinl (Y + 8 + 4) + CA Cos y +8-i+ 0)

Substituting for BA and CA and simplifying gives

P (Y. sin (Y + 8)- ZT cos (Y + 8) -A]

+ n

2 $ nA  6 nA +
-"A - A [hA +T cos (Y + ) + ZT sin (Y + 6)]

and

.. rv.Y ( +)Z sin (Y +8) + A' T - c* [~ oo (Y + e) + zTri '+o n Al

+' CnA]

-2$8 A+2 8  A+ 2 A A

2 _ ; (C - Y sin (0 + 8) + Z cos (Y + 6))
A A A T T
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Now, -rtm Fipire 12(a) (page 40)

(86) ZFn - MA% R(t)- B(t)+ Lf1  + f2 4 -

-BF - WA sin (y +e+ I)

(87) XF MA Q, Sl + S2 - WA cos (Y + +)

(88) EMH.,s Center = IA ("+") - s2  - - sz c
+ B(t) [C1 - CA] - BF (C- C5)

1 AA 5

+ R(t) [ -.
A 2'L, (%- ) A2 A "2) + cG)G]

Then, the equation for linear motion of the recoiling parts is (by
substituting for Q in Equation 86 1
Equation 91 (See Page 64)

Equations 89, 90, and 91 are the governing motion equations which define
the variables

* * a and nA
A

(and their derivatives) during the firing cycle.
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EQUATION 89 E

MA2 2 7AT A

I'+~ +Zf IA+ 41+ 2 (AYT 4 CA Z)COS V4-A T) sin (T4.+e8))( MAI A+E ~ rC~

+ M.[ iL,' 12 C.2 2(jY,+4CZ,XCos(74-8J-#+ 2(1 ZI- 8 Y) Slr1 + 0)] +C2+%Y{ + [01I'A ~ 18 + 10LMAA

MAI'AA"AC nT 7+9)(AZ7TCS YT ) 0(CA 9)s + 82K[ MAI os'+C +M1)1
4I 2'± [n'28Y + C2Z )sn(Y, Cer -y - }) -[L ns- -E~o COTSn 7'404- [,) +{s+ I

-2~A, fA Y: i r (-+*) 4- Zr Cs 7+ 0) +

+~[O ++~A

WAYO - ZSljrA Y4) s7,~ +Z s)in 7 -- +0)+91'0[EL E2)](j1 ,

ay, 2JO MAVin Y+ it B if(7 +6 - lAI8ACO( + 8) .2 {"i + a~l

WD+I YD COS q +ZO n i-KfL!(7 - - (1L,CYyCS749)

2 MA 'Ar+CZIS"- + O('?A CA ] O( + 0)] *2 KL [L r2A~o

R-) CA 
20 MA A YT



EQU4TION 90

ZAe ~Z~r CAYT)in(7+e) A + C+ C ,Yr+VAl)COS(7+ ) + (IAZ CAY)SIP(? 9)
7+0)+ 2(q +~ Xfasi(+6] 8 2 + t12 8 ~?oy+ )f ~ 8 ~- STSY 7

+1 
+xi

+81 +Y (zTCr)sn(7 4 9)] + {4- [A~~ + M84[ n + +[A#]

++ +fA[iMAaA

cOSf7 + 9)1) [8t)4-C 8 - [iCO(++)CAfl+9)I

-W [7?cos(7 + 8 +) cesinz+ a +to)

40) -CASi" (7 +90 + 0)) 2 {r[L E~o(-f ) E.s~7 )

+ 2 r [LI f 2L2cosj,,+ 0 -2EL_ os(+ )- E~snj
0)-C~~sin(T-#-L E0). { [EL1Esie +ELcr+O

+ - Stin1 7 +'

0 - Ostatic1-2EKFI + 2EL2S n(7,+ )Y - 1E3S (,+TF

'AL-([ELI + 2EL2cc's I -2EL3sin -f]"'-j

T CoT)C 'Jy ) jEL2smT(7+,) 4- EL3cosq+ e)

Sin (I+ 8)j (ELI+ EL~cos7r +) - 2EL3SivU~- +0];2

+ 0[ + j OiA [2 MAll%) + 1IA [- 2 A7l1A]

+7, sin (7f+ 8)]

MI ["A M1 (~YT+ CAZT)S i "(7 + 0) -(11A ZT CATIC S(?+8

I +9) - (ZZAZ- CAY,.) COSf7 + 6J)+A[(tY+ Zsr+9-(Z 7 -'osy

7+8)- (foZ-CaYCOSf74- 8)]j

EQUATiON 91

[gll+U1l+Fsni)-B Ai(r+G 0 MA +0 iMA'A + eAA + Y1COS(7+ 9)1+ Z7 Sinqy~9

c:4
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Note that the breech force [B(t)] is the only forcing function
included if Equations 89 and 90. 'owever, the following functions
are included in Equation 91:

1. R(t) - Force due to recoil mechanism

2. - if2 + f 2 + F ) sn "hA) - Force due to guide friction

3. Br - Force due to forward buffer

These must be defined directly or in terms of the motions
which produce tho forces.

Previously, the force due to the recoil mechanism [R(t)] has
been defined (qua&tioa 19) in ters of the oil pressures P1 , P2
and P3 (Figure 2). A comparison of the variables n and x leads
zo the following definitions

(92" x nAo- nA

(93) -

(9-,)) *; - A

These relations can be used to solve the equations (Table I) of
fluid flow in the recoil mechanism simultaneously with the equations
(Equations G9, 90, and 91) defining carriage response to firing loads.

In a similar manner, the effect of the forward buffer (required

in case of a misfire) can be included. The necessary equations
are derived in the Appendix.

I. either Equation 17.2 or Equation 21, the guide friction
was assumed to be constant and denoted by the term F . To be more
accurate, this force is dependent on the reactions (S, : ad S2)
applied at the guide bearing points (Figure 12). That is, for
the carriage response model, guide friction is

(f + f2 + FG) SgI (") - lsl + u2 1S21 + Fu] Sgn ' A

The zeactions SI and S2 are cetermined in the following section.
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EVALUATION OF DYIIAMIC REACTIONS

T-t reality, this ia a continuat?on of the carriage response model.
In fact, the clip reactions (S1 and S2) must be determined to solv-

Equations 69, 90 and 91. These are evaluated as follows:

From Equation 87

or, S 2 = WA cos (y + e + ) + MA

or, substituting for Q

SI + S2 - WA cos (Y + + 0)U + M AI." LYT cos (y + e) + ZT sin (y +) +

aA-2 A +2 A +2hA

2 - 2[C - sin (Y + 6) + Z. o ( C o + ]J

From Equation 88

S () - S ("-a) B(t) [B -
]  F

1 2 1 A ~B(A 5)

+ R(t) [A-

A- 2+ [f CL + f2 (;A" '2) + (CA "G ) FG
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Let

(95) RAIL -[u Is1 IC + P1 .~j '~A ~ +~ FG] sgn

(96) XYzl - B(t) [C - CA - BF -

+ R(t) k -r ] - +

A 2 A

'_ [Y T Cos (Y + 0).+ zT sin (y +o8) + n A]

(97 z - MA1 + 'n A - 2$ A + 26A + 2 , - 2 CA e + WA Cos (y + e + *)

;2[rA YT sin (Y + 8) + ZC (Y + 0)

Then,

I + S -KYZ

~1 2

S (i) - S ("- -) = XYZ1 + RAIL

Solving simultaneously,

XYZ () - XYZl - RAIL

(98) S2 =
b

(99) S1 a XYZ - S

These may be solved for S1 and S2 by a simple iterative scheme after

assitming starting values and continuing until the solution converges.
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The force in the two equilibrators has been defined 8 (page 55)

(76) F -" 2[PEQ - KEQ ( E - LEL

and the force in the two elevation struts is given by (See Figure 15)

FEL + 21(A - r) K + P ]

or

(100) FEL + 2[(LEL - LELy - r) K + P
y y+I

where (page 53)

(75) LELy + 0 - [El + 2EL2 cos (Y + 8) - 2EL3 sin (Y + E))L / 2

In evaluating the trunnion reactions, the components of acceleration
for the mass M are:

B

in the n direction.

o- c (y + ) +C sin (y+ e+)
n B

and in the directIon,

R -B sin (Y+ 0 + ) + Cos (Y+ + 0)
B B
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Substituting for BB and CB and simplifying allows writing these components
in the following form

-
"  - Y T ns (Y + 0) + ZT cos (Y + 8) B - - n

•.2 .2
- [B + YT cos (Y + e) + ZT sin (Y+O)] - b B

and

n B +YTcos (Y+o) +ZTsin (Y+6)]+'en B-2 2k B

- -YT sin (Y + 8) + ZT cos ( + 8)] - CB

Then, from the free body diagram of the cradle [Figure 12(b)]

F =
1KF  =TH FEQ+scos T - R(t) + BF

+FE +eCOS T - WB sin (Y + + 0)

+ [fI + f2  + F -

and

F R Tv + FEQ+eslT -S-S 2

FELy + esin T - W COS Y+u+
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where (Figure 12)

tan-  Zl- y + (y + 8

NOTE: The 3ngle T will be in the first or second quadrant

( ZT + nEL sin (y + e) + EL cos (y + e) - ZEL
( EL -T - ECos (y + 8) +  sin (y )4 (y+ )

Then, I-..

(102) T - " B - YT sin (y + 8) + ZT cos (y + a)] + O€ + 2;6nB

.2 *2 rig]

+ -,y+ e l + - + 1 2)S2 1+ F g (AA)

-BF -FELy + cos T + W sin (y + +)

And

(103) T In ['n + yT COS (y +a) 4zTsin (Y+ e)] +*Or--2;;C

- ¥ sin (y + 0) + Z cos \ 1 -

- FEQ+ sin T + S +S + FEL sin T + W cos y + 8 +)
1 2 B~
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The free body diagram of the mass M9 is shown in Figure 16. Since this
mass is also assumed to simply rotate aroumd point 0, the constants,

I z j
(104) TV tan- I  Y-D ,o;

and

(105) R3 Y [y 2 + zD21/

may be used in evaluating the reactions at che support points. As I
def ined an Page 50, the total spring deflection is given by ,

Static

Then, since

and

P

Pstatic

(106) Ptatic KG L

1 71Ii
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where Pstattc may be evaluated as (Page 50)

BA + WA + BB WB + S W
-static L

Therefore,

G - L s tatic)

The reaction at the effective spring is given by

Vspring - KG G [5

(107) Vspring"KG L (0- 4static)

From the free body diagram o- the 
ai (Fre 16)'4DI

tB " D YD s in U~ + 0)

T cos (Y + 8 + 0) - Tv sin (Y - 8 + )

F L cos (T Y

-F .+ Cos (T-y- 8- ) -1

y + !
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'P MD t& o ~~0

V i FEL sin (r-y- e- )sp ring Ty + 6

- £ sin (',+ e+) - T cos (y + a + $)
Hi V

-FEQ sin (- y -6-)y +

-w + V
D  pivot

Therefore,

(108) vpivot ,TH sin (Y +  + )+ Tv Cos (y +  + )

- FEL+ sin (T - y - 6 -Y+ 6

+ FEQ + e sin (T y e ) + WD -v sprin

(109) H - TN cos (y + e + *) - Ts in (y + 6 + )

+ FEL COG (C -- O-e )
y*

-EQ+ coa (T - -*) [M D ui( +
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EVALUATION OF STATIC REACTIONS

Under static conditi-cna, the forces B(t), BF, fl and f2 shown
in Figure l2a will be assumed equal to zero. The-a,

EF- W 0 - R(t) - WA sin (Y)

R(t) - WA sin (Y)

ZF - 0 -S 1 + S 2 - WA cos (Y)

S I + S2 - WA Cos (Y)

"Hass Center L=  - 2 (' 2 1  -

S1 (a)- S2 (W-) - WA ICA 2 1 sin Y

Solving simultaneously

w A E[C) Cos x - 2 sin y](110) s2
b

(ill) Si WA Cos Y - S2

7"he force in both equi.ibrators is determin,ad in the manner described in
developing the basic model. Therefore,

(112) FEQ 2 [PEQ - KEQ (LEL - LEL..]
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To define the static luad In the clevatin meehanism (which was consid'red
approximately zero whcn developing Models A aud B), an examination of
Figures 11 and 12 shows that, for the tipping parts (MA and B )

ZM 0= W (n cos Y- sin Y)

T A~ AO A

+ W (n cos Y - B sin Y)

B B B

- FEQ. Cos ( EL -FEQY sin T i ELI

+ FELy sin T [T)EL + FELY cos r T EL ]

Under static conditions,0  and are equal to zero. Therefore,

Z + I sin Y + cos Y - Z
(113) T - tan-  T EL EL EL + y

YEL - YT- nEL Cos Y + EL sin Y

and the loaC: in the elevating strut is given by

FEQY (rEL Sin T + CEL COS T) - WA ( AC cos - A sin y)

-WB (nB Cos y -4B S" Y)
(,±4) FEL

Y ?I EL Sin T + EL C T
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In a vximilar manner, the following equations allow for determination

of the trunniou reactions.

zF -T_ - FEQ cos T + FEL cost
I N Y

- W sin y -W sin y
A B

ZFC =rT + FEQ sin T -FEL sin T

- GA cos y- WB cos Y

Therefore,

(115) TI - (FEQ -FEL) cos c + (W + W sin y

(116) Tv (WA + W3 ) cos y + (FEL - FE%) sin T

Finally, from Figure 11

EMu 0 Vspring L - WA [YT +n AO cos y -A sin y]

-WB EYT + rB Cos y B sin yJ

-WD [YD ]

EF; 0 = H

EFV  0 -Vpivot WA -WB - 1i + Vspring

77



I

Therefore, under static conditions

(117) H 0-
WA[YT + nAO cos y -A sin yl + WB[YT + B cos - CB sin y]

+ W Y
D D

(118) V n " L

(119) Vpivot =WA + WB + WD  Vspring

When the recoiling mass returns to the latch position at the end
oi any firing cycle or when it reaches the limit of forward
travel in the case of a misfire, additional relative Motion between
the meases MA and ME is prevented by mechanical stops. Consequently,
the preceding system of equations must be modified by eliminating
Equation 91 completely and holding the value of n (and x)
constant from this time on. At the same tize, in he remaining
equations,

A 0

'I"A  0

sgn
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SYMBOL TABLE

While symbols and subscripts have been defined (formally and/or
pictorially) as they were introduced, the following list is included
as a convenient reference. Model complexity, number of models,
and use of staudard notation has resulted in some symbol duplication.
This table may aid in resolving questions resulting fron such du lcation.
fn all models, the basic unitr are:

in& 'es
pounds
seconds
radians

A Subscript shoving relation to mass MA

Area at pressure P1 Fig. 2

A2  Area of spear buffer - pressure P2  Pir-,re 2 4

A3  Area at pressure P3 Figure 2 i
A4  Effective area of floating plxiton (oil side) Fig. 2

A Effective area of floating piston (gas side) Fig. 2

AR Area of each recoil rod Fig,. 2

AB Effective area of each front buffer piston Fig. A-I

A(t) Sumation of forces causing positive Fig. 7

accelerations

a, Orifice area between pressures P1 and P2 Fig. 2

a2  Orifice area between pressures P2 and P3 Fig. 2

a3  Orifice area through velocity sensor.
Effective area between pressures P3 and P4 Fig. 2

a3bf Value of a 3 before firing

Value of a after firing

a. Flow area through spear buffer check valve Fig. 2 & 5

80



aleak Flow area due to clearance between Fig. 5

spear buffer and piston head

a(x) Variable orifice area dependent on position Fig. 5
of spear buffer

a B Orifice area for front buffer Fig. A-I

a Locates centroid of area under B(t) Figs. 8 & 9

a Distance from rear clip reaction to mass
center of recoiling parts Fig. 12 (a)

B Subscript showing relation to mass MB

B Measurement parallel to 0 - B axis Fig. 11

BF Retarding force of front buffer

B(t) Breech force ii

b Distance between front and rear Fig. 12 (a)
clip reactions

C Measurement parallel to 0 - C axis Fig. 11

co Damping coefficient related to 0

ce  Damping coefficinet related to 0

c Discharge coefficient for orifice a
i i

D Subscript showing relation to mass M D

D(t) Sim-ation of forces causing negative Fig. 7
acceleration

D Value of D(t) at t = 0 Fig. 8
O

De Value of D(t) at t - t R Fig. 8

Dr  Constant level for D(t) during recoil Fig. 8

DCR Maximum value of D(t) during counterrecoil Fig. 10
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EQ Subscript relating variable to equilibrator

EL Subscript relating variable tc elevating struts

F Generalized force (torque) causing rotation 0

Fe  Generalized force (torque) causing rotation e

FEL Force on elevating struts Fig. 12

FEQ Force on equilibrators Fig. 12

NOTE: Elevating strut and equlibrator
are considered to be separate but parallel
units

Ffp Packing friction for floating piston Fig. 2

F Packing friction for recoil piston Fig. 2P
FG  That portion of guide friction which is Fig. 2

independent of clip reactions

f Guide friction due to clip reaction S Fig. 12

f2 Guide friction due to clip reaction S2  Fig. 12

G Subscript relating variable to ground spring

or recoil guides

9 Acceleration due to gravity

g(vi) Pressure drop across 'i'th orifice Eq. 1

H Step function Eq. 20

H Horizontal reaction at ground pivot Fig. LI

11 Constant related to elevating strut load Fig. 15
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I Impulse - Area under B(t)

I Mass moment of inertia for MA
A MA

I Mass moment of inertia for MB

':D Mass moment of inertia for M

I.D. Duration of ignition delay

K Spring rate for elevating struts Fig. 15

K Spring rate for equilibrator Fig. 13
EQ
K3  Spring rate of each front buffer return spring Fig. A-I

K Effective spring rate of ground spring Fig. 11

k Gas constant - Ratio of specific heats
for gas at pressure PN

L 'Y' coordinate of ground spring

LELa Length of elevating struts at elevation - 0*a!

LEL Length of elevating struts at initial
Y elevation (y) i

LELY+ Length of elevating struts at rotation 0 J
MR  Mass of recoiling parts without floating Fig. 2

piston

Mass of floating piston Fig. 2

Mef f  Effective mass of recoiling parts Eq. 27

H Mass of recciling parts used in three-degree- Fig. 11, 12A of-f reedom model

Mass of elevating (but non-recoiling) portion Figs 11 & 12
of the weapon

Mass of non-elevating ,ortion of the weapon Fig. 11 & 16
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N Number of recoil cylinders

0 Ground pivot - Origin of 0- BC and 0 - YZ Fig. 11
coordinate systems

oil pressure in recoil cylinder - spear buffer Fig. 2

chamber

P2  Oil pressure in recoil rod Fig. 2

P Oil pressure in recoil cylinder Fig. 2
3

P4  Oil pressure in recuperator Fig. 2

P Gas pressure in recuperator Fig. 2
N

P 0 Initial gas pressure in recuperator Fig. 2

PB Oil pressure in front buffer Fig. A-I

PEQ Preload in equilibrator spring (i.e. - at y - 9')

Q Vector locating mass center of recoiling parts

k Vector locating mass center of elevating (but
non-recoiling) parts

R Rod pull - Force on recoil rod
R(t)

RD Distance from ground pivot 0 to mass center of
non-elevating parts

r Constant relating tn elevating strut load Fig. 15

S Normal reaction at rear support of recoiling parts Fig. 12
S2  Normal reaction at front support of recoiling parts Fig. 12

sgn(u) Algebraic sign of the variable

SI  Preload in each front buffer return spring

84

'1



T Elevation trunnion - origin of T - Fig. 11
coordinate system

T Kinetic energy

T Duration of counterrecoil control function Fig. 10

TH  Trunnion reaction - |1 to T - n axis Fig. 12

T Trunnion reaction - f to T - 4 axis Fig. 12Vi

t Time variable

t Time of recoil
r

tf Time of firing

V Potential energy

V Vertical reaction at pivot point 0 Fin. 11l
pivot C

Vspring Vertical reaction at ground spring Fig. 11

VN  Recuperator gas volme for displacement 'x'

V Initial recuperator gas volume (x - 0)o

v i  Fluid velocity through i'th orifice

WR  Weight of reciling parts (without floating
piston)

W Weight of floating pistonP

Wef f  Effective weight of recoiling parts Eq. 28

WA Weight of recoiling parts for three-degree-
of-freedom model

WB  Weight of elevating (but non-recoiling)
portion of weapon

WD Weight of non-elevating parts
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r I

x,,x Displacement, velocity and acceleration of Fig. 2
recoiling parts

x Recoil displacement for which spear
e buffei. becomes effective

X vRecoil displacement at which spear buffer
check valve ceases to be effective

x Recoil displacement at which counterrecoil
control by the spear buffer begins

xB  Recoil displacement at which front buffer
is actuated

mire Constant counterrecoil velocity governedmir.mi, by f low through a af t

f Firing velocity

x Recoil displacement at which terminal
coumerrecoil velocity is reached

xT Terminal counterrecoil velocity

Y Measurement parallel to 0 - Y axis Fig. 11

Displacement, velocity and acceleration of Fng. 2
floating piston

Z Measurement parallel to 0 - Z axis Fig. 11

a C coordinate of fI Fig. 12

coordinate of f2  Fig. 12

Angle locating mass center of non-elevating Pig. 16
parts

Y initial angle of elevation Fig. 1i

A Deflection of ring spring@ in elevating struts Fig. 15
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I
I

Specified rise and fall times for D(t) Fig. 8
r

Measurement parallel to T - n axis Fig. 11

Measurement parallel to T - fl axis Pig. 11

AAA. riA Defines position, velocity, and acceleration Fig. 12

of mass MA with respect to tho elevation

trunnion

nAO Initial value of nA

e,eO Defines relative rotation, velocity Fig. 11
and acceleration between XB and M around the
elevation trunnion

Coefficient of friction

fDensity of recoil oil

T Angle between elevation strut and the Fig. 12
T- axis

Defines rotation, velocity and acceleration Fig. 11
of mass around an axis of rotation fixedMD
in the ground at point 0
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APPENDIX

MATHEMATICAL MODEL OF FRONT BUFFER
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I

In case of a misfire or accidental tripping of the latch
mechanism, the recoiling parts will be driven to their forward
limit of travel. Consequently, a hydraulic buffer is
incorporated in the design to bring the moving mass to rest and
protect the weapon against impact loading. Since fluid flow
from the recuperator is restricted after the velocity sensor has
functioned, the front buffer design will be bused on the
maximum expected firing velocity. This mechanism is shown
schematically in Figure A-I.

To limit the initial impact loading which occurs as the recoiling
mass (MR) hits the buffer pistons (MB), a spring assembly
(rate - K1) was added to the recoiling parts. The spring raLe
was chosen so that the velocities of MR and MB are approximately
equal when the spring deflection becomes equal to j . ;i'
After this time, the resisting force of the front buffer is fl
defined by:

BF - 2ABPB - 2 K 3(x - x,) + 2S'

where

S' - Preload in each buffer spring

K3 - Spring rate of buffer spring

X8 , Recoil displacement for actuation of front buffer

AB Effective area of each buffer piston

P3 a Buffer oil pressure.

Now, the pressure drop across the orifice aB is given by

2
SVB (VP 2g YI  sn( s
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and, since

2 2C"
Al 2 g 2

a

Therefore,

2 2
BF" 2 AB 29 -29  2 2K3 (x xB) + 2S'

aaBF--3 2

BF sgnc ~2 K (x xB) + 2 S'

NOTE: BF is effective only if c < 0 and x < XB with _x,,< 0

For a more complete description of a design procedure for this
mechanism, see Reference 8, pates 97 - 117.
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